Atomic-resolution Z-contrast images provide direct images of chemical disorder and columnar vacancies in an ideal Al-Ni-Co decagonal quasicrystal. Chemical disorder occurs in the central ring of the 2 nm clusters and involves both Al and Ni(Co) atoms. Columnar vacancies are observed in the form of closely spaced, half-occupied atomic columns in specific rings within the clusters. This structure, derived from real space images, differs significantly from previous atomic models. [S0031-9007(98) PACS numbers: 61.44. Br, 61.16.Bg, 61.72.Ff, 61.82.Bg Since the discovery of quasicrystals, two classes of models have been proposed to describe their structure, ideal quasiperiodic tiling, and random tiling [1] [2] [3] [4] . Random tiling can be obtained from the ideal quasiperiodic tiling by introducing phason flips. It would therefore be expected that the ideal quasiperiodic tiling would be energetically stabilized, and random tiling would be stabilized by entropy.
Since the discovery of quasicrystals, two classes of models have been proposed to describe their structure, ideal quasiperiodic tiling, and random tiling [1] [2] [3] [4] . Random tiling can be obtained from the ideal quasiperiodic tiling by introducing phason flips. It would therefore be expected that the ideal quasiperiodic tiling would be energetically stabilized, and random tiling would be stabilized by entropy.
Recently, Joseph et al. [5] have systematically analyzed different decagonal Al-Ni-Co phases and found that only the so-called basic decagonal Ni-rich phase has ideal quasiperiodic tiling; all others show random tiling. Surprisingly, this decagonal Ni-rich phase with ideal quasiperiodic tiling is a high-temperature phase, only stable above 800 ± C. At lower temperatures it decays into a decagonal phase with random tiling, plus some crystalline phases [6] . This transformation is precisely the opposite of the expected behavior, because random tiling is stabilized by phasonic entropy and should therefore be favored at high temperature.
To understand this unexpected high-temperature ideal quasicrystal phase, Joseph et al. [5] suggested chemical entropy, due to chemical disorder, could be sufficient to stabilize the ideal quasiperiodic tiling at high temperature. The existence of chemical disorder would have significant implications on attempts to understand the origin of the quasicrystalline state and the nature of the transport properties, but as yet, no direct experimental data have been able to address this issue. Furthermore, the transformation from ideal quasiperiodic tiling to random tiling involves phason flips. Theoretical studies have suggested that vacancies are essential to mediate such phason flips [7] , but again, experimental evidence concerning their nature and distribution is lacking.
In this Letter we present unambiguous evidence for the presence of both chemical disorder and vacancies. Atomic resolution Z-contrast imaging directly demonstrates that local chemical disorder takes place in the central ring of the basic 2 nm clusters and involves both the Al and Ni(Co) atoms. Half-occupied columns are observed at specific positions in the clusters, representing a high vacancy concentration in a columnar arrangement. The atomic structure derived from the Z-contrast images differs significantly from current widely accepted models.
The atomic resolution Z-contrast imaging technique was used to form compositionally sensitive images in a VG Microscopes HB603U scanning transmission electron microscope (STEM) operating at 300 kV. A 0.126 nm probe was scanned across the specimen and the transmitted high-angle scattering recorded with an annular detector (inner angle ϳ45 mrad). The high-angle scattering is proportional to the mean square atomic number Z [8, 9] . Thus, the Z-contrast image gives a directly interpretable atomic-resolution map of the columnar scattering cross section in which the resolution is limited by the size of the electron probe. This technique enables us to distinguish Al atoms from transition metal (TM) atoms. In order to avoid any surface amorphous layer, roughness, and contamination from ion milling, specimens were prepared for electron microscopy by crushing bulk crystals into fine fragments. The fragments were then stuck onto copper grids for observation in the STEM. Thus, the intensities measured from the Z-contrast images gives reliable information on atomic occupation.
The Ni rich Al-Ni-Co phase studied in this Letter has a nominal composition of Al 72 Ni 20 Co 8 . It was annealed at 900 ± C for 47 h and then quenched into cold water so that the atomic structure of the ideal high-temperature decagonal phase is frozen into the sample. This specimen has been confirmed to have the same quality as that reported previously [6] . The tenfold diffraction pattern shows a large amount of weak reflections up to q values of 0.1 nm, and no diffuse scattering intensity is present in the ten or in the twofold diffraction patterns [6] . It 0031-9007͞98͞81(23)͞5145(4)$15.00belongs to the simple decagonal phase which has a period of 0.4 nm along the tenfold axis.
The decagonal phase is a two-dimensional quasicrystal, periodic along the tenfold axis, and quasiperiodic in the plane perpendicular to it. Conventional high-resolution electron microscopy (HREM) images viewing along the tenfold axis show contrast from atomic clusters with 2 nm diameter. In the ideal quasicrystals these clusters are arranged at the vertices of the pentagonal Penrose pattern with edges of about 2 nm, while those of others (e.g., superstructures) are on the vertices of the rhombic Penrose pattern with the same edge length [5, 10] . Figure 1 shows the Z-contrast image of the Ni-rich Al-Ni-Co phase as viewed along the tenfold axis. The very bright and weak spots correspond to the columns of the TM (Ni, Co) and Al atoms, respectively. The 2 nm clusters are clearly seen, as indicated by the black circle. The pentagonal Penrose pattern directly constructed from the image is superimposed and shows the 2 nm clusters at the vertices of the pentagonal Penrose pattern.
A striking feature of the image in Fig. 1 is that there are two types of 2 nm clusters, labeled a and b. The details of type a and type b clusters are obtained from Z-contrast images at higher magnification, shown in Figs. 2(a) and 2(b), respectively. The 2 nm clusters are again indicated by the black circles in the figures, and it is clearly seen that the differences occur only around the central ring (0.5 nm diameter) of these two clusters. In type-a clusters there are three bright spots around the first ring (in fact, two of them are slightly split, which will be explained later). The intensities measured from the images show that these three bright spots correspond to atomic columns occupied almost entirely by TM atoms. These three bright spots destroy the decagonal symmetry, but the remaining rings retain decagonal symmetry. In type-b clusters, however, the first ring has a much more homogeneous intensity. The intensity of this ring is much lower than that of the pure TM columns but higher than that of the pure Al columns (see, for example, the ten weak spots in the next ring). Thus, each column in the first ring must be occupied by a mixture of Al and TM atoms. In other words, chemical disorder has occurred between the Al and the TM atoms (not just between the Co and Ni atoms as estimated by Joseph et al. [5] ). The disorder takes place at the center of type-b clusters, although it is not complete. By assuming chemical disorder only for Co and Ni atoms, Joseph et al. estimate that chemical disorder could provide sufficient entropy to overcome the phasonic entropy contribution of random tiling, and so stabilize the ideal tiling at high temperature [5] . The chemical disorder for Al and TM atoms that we observe will provide a much larger entropy contribution than that from disorder of only Co and Ni atoms. Therefore this chemical entropy gain more than compensates for the loss of phasonic entropy due to the transformation from random tiling to ideal quasiperiodic tiling. Hence, we have direct experimental evidence that disorder between the Al and TM sites stabilizes the ideal quasiperiodic structure at high temperature.
Another striking feature of the image is that there are ten pairs of closely spaced TM columns located around the 2 nm ring, as indicated by the pairs of arrows in Fig. 2 . These column pairs have a very small projected separation, only around 1.4 Å, but are still resolved in the Z-contrast image. It is clearly not possible for each column within a pair to be fully occupied. Intensity measurement shows that the total intensity of these two columns is close to that of a single column of pure TM. This suggests that each column within a pair is actually half-occupied by TM atoms, or alternatively, the pair can be considered as a single buckled column of TM atoms. We also have direct experimental evidence of partial occupancy on the Al sublattice. The second ring (0.9 nm diameter) counting from the center shows weak intensity but sufficient to correspond to fully occupied Al columns. The third ring (1.2 nm diameter) from the center contains ten bright TM columns, but in between these bright columns there is a small but significant intensity [see the single arrow in Fig. 2(b) ]. The measured intensities are too low to correspond to the fully occupied Al columns in the model of Burkov [11] . The Z-contrast image simulations in Fig. 3 show that this weak intensity is consistent with two half-occupied Al columns.
Our Z-contrast images therefore provide direct evidence for half-occupied columns on both the TM and Al sublattices. Such a half-occupied atomic column can be regarded as a columnar arrangement of vacancies. It is known that phasons are correlated with local rearrangements of tiles, and phason flips are expected to be the key mechanism for phase transitions between quasicrystals and approximant phases. Molecular dynamics studies have shown that "half-vacancies" are essential for the mobility of phason flips in quasicrystals and that the atom motion is predominantly along the periodic axis [7] . These studies found certain sites to be more effective but did not predict the columnar arrangement. In addition, to simulate phason flips observed in HREM images, vacancies are again required in the structural model [12] . It is very tempting therefore to identify these columnar vacancies as the mediators of phason flips. Such vacancies will also be very significant in determining the electronic structure and transport properties of decagonal quasicrystals [13] . We emphasize that the image is a projection and that periodicity along the half-columns is not necessary to explain the image contrast. Only an average occupation close to one half is required, so that vertical vacancy motion can be accommodated by a simple sideways translation of atoms from one half-column to the empty adjacent sites.
The atomic arrangement of the basic 2 nm clusters derived from the Z-contrast images differs significantly from that proposed in previous structural studies. Because of lower resolution, neither chemical disorder nor columnar vacancies could be detected [11, [14] [15] [16] [17] . Figure 2(c) shows the structure derived from the type-b cluster of Fig. 2(b) . Ten pentagonal units (indicated by solid lines) are located on the 2 nm ring, each overlapped with two neighbors to form ten pairs of closely spaced TM columns located around the perimeter, as indicated by the pairs of arrows in Fig. 2(c) . Type-a clusters show the same arrangement except for the ordered central ring. Although the composition of the central ring may vary from cluster to cluster, assuming an average of 3 TM columns and 7 Al columns gives a composition of Al 74 TM 26 , in agreement with the nominal composition. Finally, three distinct types of pentagons are observed, denoted P1, P2, and P3 in Fig. 2(c) , depending on the connection between neighboring 2 nm clusters. P1 results when the pentagon is associated only with a single cluster, whereas P2 and P3 are shared by two clusters. As seen in Fig. 4 , P2 results when the intercluster distance is 2 nm (the type-a cluster in Fig. 1) , and P3 results when the intercluster distance is 1.2 nm (the type-b cluster). In addition, for the type-b cluster with 1.2 nm separation, two half-occupied columns in the 2 nm ring of one cluster intersect the central ring of the other cluster, as indicated by the arrows. This destroys the chemical disorder at the center of each cluster, resulting in increased localization of the image intensity. However, the spacing of the two half TM columns is maintained, which explains the elongated bright features in the center of type-b clusters.
In conclusion, local chemical disorder and columnar vacancies are directly observed in the high-temperature ideal decagonal quasicrystal using atomic-resolution Z-contrast imaging. Chemical disorder of both Al and TM atoms explains the unexpected transformation from random tiling to ideal quasiperiodic tiling at high temperature. Halfoccupied columns, representing columnar vacancies are observed on both Al and TM sublattices. We believe this new atomic structure will lead to improved calculations of the electronic structure and physical properties of decagonal Al-TM quasicrystals.
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